ABSTRACT This paper presents the design of a state convergence (SC)-based bilateral controller for a nonlinear teleoperation system, which has been approximated by a Takagi-Sugeno (TS) fuzzy model. The selection of SC is made due to the advantages offered by this scheme both in the modeling and control design stages. The modeling stage considers master/slave systems, which can be represented by the nth order differential equations, while the control design stage offers an easy way to determine the control gains required for assigning desired closed loop dynamics to teleoperation system. After the master/slave systems are represented by TS fuzzy models, a stabilizing fuzzy law is adopted which allows deploying the SC scheme with all its benefits to design the fuzzy bilateral controller. In this way, not only the simplicity of the design scheme is ensured but also the existing SC scheme is able to control a nonlinear teleoperation system based on its TS fuzzy model description. As an additional advantage, the SC-based existing linear bilateral controller can be easily derived from the SC-based proposed fuzzy bilateral controller. Various cases of master/slave systems originally reported in terms of their linear model representation and communication in the absence/presence of time delay are all discussed in the corresponding fuzzy framework. The MATLAB simulations, considering a one-degree-of-freedom teleoperation system, are performed to validate the proposed methodology for controlling a nonlinear teleoperation system. INDEX TERMS Teleoperation systems, bilateral control, TS fuzzy models, state convergence, MATLAB.
I. INTRODUCTION
A teleoperation system is comprised of master and slave subsystems which are separated by either a wired or wireless communication link. Consisting of a human operator and master manipulation device, master subsystem generates motion signals to perform a certain task at slave site. The slave subsystem receives the master actions through the channel and drives a slave manipulator which interacts with the environment to perform the intended task. The teleoperation system in this setting is said to be unilaterally controlled. However, if the slave subsystem is able to transmit some sort of task-related information back to the master subsystem, then teleoperation system is said to be bilaterally controlled [1] . If position signals are exchanged between the subsystems, then the resulting control scheme is known as position-position (PP) control. Where the contact force information is delivered to the master subsystem in response of received position/velocity signals, then the scheme is called force-position/velocity (FP/FV) control. These control schemes fall within the broad class of two-channel controllers [2] . If both subsystems exchange force and position/ velocity signals, then the resulting class is known as fourchannel controller [3] . The selection of a particular control scheme is application-dependant with attention to important features like stability, transparency and task performance of which the former two are conflicting objectives. A number of control schemes [4] - [6] , using either two-channel or four-channel architectures as a baseline, have emerged after the pioneer work of channel passification to nullify the time delay effects based on the concepts of transmission line theory [7] , [8] . These include time domain passivity control to make teleoperation system work in a wide variety of environments [9] , adaptive control to estimate operator or environment models and teleoperation system uncertainties [10] - [12] , sliding mode control for robustness against disturbances during task execution [13] , [14] , model-mediated control to reconstruct the slave environment at master site [15] - [17] , gain scheduling to cope with uncertainties [18] , model predictive control for constrained teleoperation with poorly known time delays [19] , [20] , H ∞ control for multi-objective optimization [21] , [22] , frequency domain techniques to analyze stability of teleoperation system [23] , [24] , disturbance observes to lessen measurements [25] , [26] . The developments in the control schemes have contributed to the enormous increase in the applications of teleoperation systems being developed for nuclear plants [27] - [29] , underwater exploration [30] - [32] , space missions [33] - [36] , surgical procedures [37] - [41] and other industrial problems [42] - [46] .
Although the aforementioned control schemes are successful in the control of teleoperation systems, the design procedure is not simple. On the other hand, SC method [47] - [49] presents a simple and easy-to-follow way of designing the tele-controllers. However, in its original form, scheme can only be used for linear systems and when there is no time delay in the channel or the time delay lies in the small range [49] . In spite of these limitations, elegancy of the SC method in terms of simplicity, modeling ease and achieving desired dynamic behavior of a linear teleoperation system, has attracted us to investigate its usage for control of nonlinear teleoperation system represented by TS fuzzy models which are obtained through the time varying weighted combination of linear subsystems. It is worthy to mention here that SC method (originally proposed for linear systems) has also been shown to control the nonlinear teleoperation system through the use of Lyapunov theory [50] , adaptive control theory [51] and feedback linearization techniques [52] . Further, SC architecture has also been used in other studies to design tele-controllers [53] , [54] .
The use of fuzzy logic and neuro-fuzzy techniques [55] , [56] in control of teleoperation systems has also been reported in literature. Classical fuzzy controllers have been designed in [57] , and [58] to control the manipulator and vehicle over the internet. The approximation capability of the fuzzy logic systems has been utilized in [59] - [61] to design the adaptive controllers for teleoperation system. Recently, the use of TS fuzzy models in designing the telecontrollers is presented in [62] by employing linear matrix inequality (LMI) techniques. However, the use of SC method in conjunction with TS fuzzy models has not yet been investigated. This paper describes the control design of nonlinear teleoperation system represented by TS fuzzy model using the framework offered by SC methodology. The advantage of the proposed method over LMI method is that Lyapunov function is not required to prove the teleoperation system's stability or to determine its control gains. Instead the desired closed loop dynamics can be assigned and control gains can be determined after solving a set of equations. The original version of the SC method [49] discusses separately the design of tele-controllers in the absence and presence of communication time delay for master/slave subsystems which do not contain zeros and which contain zeros in their differential equations. All these four cases are extended to cover master/ slave subsystems which can be approximated by a class of TS fuzzy models. To check the validity of the extended scheme, MATLAB simulations are performed using one DoF nonlinear teleoperation system. It is found that SC scheme can successfully control the nonlinear teleoperation system represented by a class of TS fuzzy models in the absence and presence of small time delays.
We start by reviewing the SC methodology for bilateral control of linear teleoperation system in Section II. The extension of SC method to cover teleoperation system represented by TS fuzzy models is presented in Section III. MATLAB simulations to support the proposed technique are included in Section IV. Section V concludes the paper with future directions.
II. SC METHOD FOR BILATERAL CONTROL OF LINEAR TELEOPERATION SYSTEM
In contrary to many other teleoperation control approaches which model the master/slave systems by a second order differential equation, SC method considers the master/slave manipulation devices modeled by n th order differential equations with the following representation:
Where, z stands for master (z = m) or slave (z = s). The definition of input, B z and output, C z matrices varies according to the absence/presence of zeros in the differential equation representation of master/slave subsystems while system matrix, A z remains the same in both cases. The system matrix is given by (2) while input/output matrices are given by (3) and (4) for differential equations having no zeros and zeros respectively.
The master and slave subsystems communicate according to the SC architecture, shown in Fig. 1 , which models all the interactions necessary for a successful teleoperation including operator-master, master-slave, slave-master, Of these parameters, G 2 , R s , K m and K s are unknown and are found as a solution of a set of equations formulated by SC design scheme. Please note that matrices R m and K s contains environment information. Assume that the environment is modeled by means of stiffness (k e ) and the force sensed by the slave device is proportional to its displacement. Then this reaction force will be transmitted to the operator with a force feedback gain factor k f and will also be used locally by the slave device to modify its feedback controller. In such a case, the entries in the matrices R m and K s will be given as:
Where former K s matrix is for a slave device modeled as (3) while later is for a slave device modeled as (4).
III. SC METHOD FOR BILATERAL CONTROL OF NONLINEAR TELEOPERATION SYSTEM REPRESENTED BY TS FUZZY MODELS
In order to use SC methodology for designing tele-controllers for nonlinear teleoperation system, we assume that the master/slave devices can be approximated by a class of TS fuzzy model (6) for the cases having no zeros in their differential equations [63] :
. . .
Where, h i (x z ) is the normalized degree of belongingness of i th fuzzy plant model and satisfies the following properties:
In the case of master/slave devices having zeros in their differential equations, the considered class of TS fuzzy models with the membership functions h i (x z ) is given as:
These TS fuzzy models can be stabilized through a family of fuzzy control laws [63] - [69] . In this study, a control law proposed in [65] is adopted for master/slave devices which will allow us to use existing SC methodology to determine the control gains for bilateral tele-operation. The resulting scheme is depicted in Fig. 2 and design equations are derived in Theorems 1-4 for different cases, following the lines of [49] .
Theorem 1: Given the TS fuzzy model description (6) of the master and slave devices comprising the nonlinear teleoperation system, the slave device will be able to follow the master device in the absence of communication time delay, if the 3n+1 control gains for the nonlinear teleoperation system are obtained as a solution of the design equations (9)- (15):
FIGURE 2. SC scheme for bilateral control of a nonlinear teleoperation system using TS fuzzy models.
Proof: Consider the nonlinear teleoperation system represented by TS fuzzy model in (6) . By using Fig. 2 , we can write the i th rule of fuzzy control law for the master device as:
Using the same membership functions as defined for the fuzzy plant model, the net fuzzy control law for the master device can be given as:
The master control law in (17) yields the closed loop master system as:
Please note that we will consider n th part of the system dynamics onwards unless specified otherwise. Let us define the time invariant coefficients for closed loop master system as: (19) The closed loop master system dynamics in (18) can now be given as:
Similarly, we can derive the closed loop dynamics for the slave system. From Fig. 2 , the net fuzzy control law for the slave device can be written as:
By plugging (21) in (6), the closed loop dynamics of the slave device can be given as:
We now define the time invariant coefficients for closed loop slave system as: (23) With the help of these coefficients, closed loop slave system is simplified as:
Let us define the state convergence error between the slave and master devices as:
The closed loop slave dynamics in (24) can be written in terms of state convergence error as:
Using knowledge of (20), (24) and (25), the n th -error dynamics describing state convergence behavior can be given as: (27) Using (26) and (27), we can write the augmented slave-error dynamics as:
Where,
In SC method, it is desired that error evolves as an autonomous system. This is possible if the matrix entries a 21 and b 2 in (28) are zero. By setting b 2 equal to zero, the following condition is obtained:
Also, the following conditions are obtained after zeroing the matrix entry a 21 :
If conditions (30)- (31) are satisfied, then desired dynamic behavior can be assigned to slave and error systems. The characteristic polynomial of (28) will be compared in this case to the desired slave-error polynomial to yield:
Where, the coefficients p j and q j form the desired slave and error polynomials respectively:
From (32), the following conditions are obtained:
The resulting condition (30) is the same as design condition (9) while evaluating (31), (34) and (35) for all values of 'j', we obtain the design conditions (10)- (11), (12)- (13) and (14)- (15) respectively. This completes the proof.
Remark 1: The development of SC method is shown here for a class of TS fuzzy models with common input and common output matrices. The extension of SC method to a more general class of TS fuzzy models will require the modification of the fuzzy control law to handle the timevarying coupling terms in that case.
Remark 2: Since the slave device is interacting with the environment, the control gains found through SC scheme for fuzzy slave law will be adjusted to handle the environmental impact. The implemental fuzzy control law for slave device will be:
Where, λ sj are coefficients of reaction force. It should be noted that inclusion of a compensation term in (36) will not affect the design procedure.
Remark 3: SC method of Theorem 1 provides the gains, c mj and c sj , for the master and slave devices. These gains along with the system's parameters (6) are used to determine the fuzzy control gains for stabilizing the master and slave devices through the application of (19) and (23) respectively. Further, these gains will also provide the stabilizing control gains, k mj and k sj , for master and slave devices comprising the linear tele-operation system using the following relations:
Where a mj and a sj are system parameters for linear tele-teleoperation system (2) . Thus the design method of Theorem 1 is a more general case as the control gains for linear bilateral controller of [47] - [49] can be derived from it.
Remark 4: The information about membership functions is not used here for designing the fuzzy bilateral controller. Therefore any type of membership functions can be employed to implement the fuzzy controllers. However, we will use triangular membership functions in this study due to their lower complexity.
Remark 5: The modification to the fuzzy slave control law and the computation of control gains, as described above in remarks 2 and 3 respectively, will also hold for the cases of tele-operation systems in Theorem 2-4.
Theorem 2: Given the TS fuzzy model description (8) of the master and slave devices comprising the nonlinear teleoperation system, the slave device will be able to follow the master device in the absence of communication time delay, if the 3n+1 control gains for the nonlinear teleoperation system are obtained as a solution of the design equations (38)- (44) and condition (45) is also satisfied:
Proof: Consider the teleoperation system represented by TS fuzzy models (8) . The development for computing the closed loop master and slave systems follows from Theorem 1 and will not be included here. By using the control laws (17) and (21) after setting the corresponding input matrix entries as unity and through the introduction of time invariant coefficients as defined in (19) and (23), the closed loop master and slave system for this case can be given as:
Different from Theorem 1, we define the state convergence error for teleoperation system having zeros (8) as:
The closed loop slave dynamics can be written in terms of this state error as:
The error dynamics for the first n − 1 components of the state convergence error can be given as:
We can write (50) in terms of slave and error states as:
By using (46) and (47) with (48), the n th part of error dynamics can be found as:
The n th error dynamics (52) can be written in terms of slave and error states as:
Using knowledge of (49), (51) and (53), the augmented slave-error dynamics for teleoperation system (8) can be given as:
For the error to evolve as an autonomous system, we must set A 21 and B 2 equal to zero. By doing so, we have the following conditions: 
After the condition for the error to evolve as an autonomous system is met, desired dynamics can be assigned to both slave and error systems as:
Where, P and Q are the matrices representing the desired slave and error dynamics respectively as:
By solving (63), we obtain the following conditions:
It can be observed that condition (62) is the same as the design condition (38) . Also, by evaluating (61), (65) and (66) for all values of 'j', the conditions (39)- (40), (41)- (42) and (43)- (44) are obtained respectively. Further, the condition (60) establishes the condition (45) . This completes the proof.
Remark 1: The extra condition to be satisfied, in the case of control design for teleoperation system (8) as presented in Theorem 2, will prevent the steady state error between the master and slave states.
Theorem 3: Given the TS fuzzy model description (6) of the master and slave devices comprising the nonlinear teleoperation system, the slave device will be able to follow the master device in the presence of communication time delay, if the 3n+1 control gains for the nonlinear teleoperation system are obtained as a solution of the design equations (67)- (73): Proof: Consider the TS fuzzy model representation of master/slave systems in (6) . The net fuzzy control law for the master side by considering time delay in the communication channel is given as:
The closed loop TS fuzzy master system with the control law in (74) and using the definition of time invariant coefficients, can be given as:
The fuzzy control law for the slave system with the inclusion of time delay in the channel can be given as:
The closed loop fuzzy slave system can now be obtained as:
The time delay in the communication channel is assumed to be small and applied force is assumed to be constant. Thus the delayed signals in (75) and (77) will be replaced with their first order approximation based on Taylor series as:
By using (78), the closed loop master and slave systems in (75) and (77) can be given as: By plugging (80) in (79) and considering the phase variable representation of the TS fuzzy system in (6), the closed loop master system in (79) can be evaluated as: 
Similarly, after eliminating master side dynamics from the closed loop slave system in (80), we obtain the following representation of the closed loop slave system: 
The closed loop slave dynamics in (82) are further processed to include the error term (25) as: 
Using (25), (81) and (82); the error dynamics for masterslave system under communication channel delay can be determined as: 
The augmented slave-error system dynamics can now be given as:
Where, matrix entries imply the evaluation at a particular value. Again for the error to evolve as an autonomous system, the following conditions must be satisfied:
Expanding (86) 
Now we can compare the characteristics polynomial of (85) to the desired polynomial to assign the desired dynamics to slave and error systems as:
Evaluation of (89) yields the following equations: The condition (87) corresponds to the design condition (67) while the design conditions (68)- (69), (70)- (71) and (72)- (73) are obtained as a result of evaluating (88), (90) and (91) respectively. This completes the proof.
Remark 1: The assumption of constant time delay is valid if the master/slave devices communicate over a dedicated link instead of computer networks where time delay is variable. Further, time delay is assumed to lie in small range which is also desired to avoid significant steady error between master and slave states due to the assumption of constant applied force by the operator.
Remark 2: The method of Theorem 3 provides the design conditions in analytic form for controlling the nonlinear timedelayed tele-operation system having no zeros in its differential equation representation as opposed to [47] - [49] where analytic expressions are not provided due to the involved matrix inverse operations. The same remark will also hold for the design conditions in Theorem 4 for the time-delayed teleoperation system containing zeros in its differential equation representation.
Theorem 4: Given the TS fuzzy model description (8) of the master and slave devices comprising the nonlinear teleoperation system, the slave device will be able to follow the master device in the presence of communication time delay, if the 3n+1 control gains for the nonlinear teleoperation system are obtained as a solution of the design equations (92)- (98) and condition (45) is also satisfied: By eliminating slave dynamics from (101) and master dynamics from (102), the following closed loop systems are obtained: 
Using the definition of error state introduced in (48), the closed loop slave system in (104) can be VOLUME 4, 2016 expressed as: 
The error dynamics of a master-slave system in presence of zeros as well as time delay in the channel can be determined using (48) , (103) and (104), and expressed in terms of slaveerror states as: 
Slave-error dynamics in (105) and (106) can be combined with the model definition in (8) and conditions (51) to give the augmented dynamics in (54) with the following n × n system matrix and n × 1 input matrix entries: (1−T 2 r mn r sn) 
The error will evolve as an autonomous system in the absence of A 21 and B 2 . By setting them equal to zero, we obtain condition (45) 
When the error evolves as an autonomous system, desired dynamics can be posed on a slave-error augmented system through the application of (63) 
Equation (113) gives the design condition (92). Evaluation of equations (112), (114) and (115) for all values of 'j' gives the design conditions (93)- (94), (95)- (96) and (97)- (98) respectively. This completes the proof.
IV. SIMULATION RESULTS
In order to validate the SC methodology for the control of nonlinear teleoperation system represented by TS fuzzy models, MATLAB simulations are performed using one DoF nonlinear teleoperation system in Simulink environment. The considered teleoperation system has the following form:
Where, subscript z can be either m or s representing master or slave devices respectively. The definition of various parameters of teleoperation system (116) along with their numerical values is included in Table 1 . To apply the presented approach, we will first construct the TS fuzzy model of teleoperation system (116) using sector nonlinearity method. To this end, we first write the teleoperation system in state space form as:
Where x z1 = θ z , x z2 = · θ z represent the position and velocity signals of the teleoperation system while η z (t) =
is defined to be the scheduling variable. Let the operating region for the teleoperation position signal be restricted in the range −π/3 π/3 . The extreme values for the scheduling variable over this range are found to be η z min = 0.827 and η z max = 1.0. With knowledge of these values, the following fuzzy sets are constructed:
Please note that only two fuzzy sets are used to approximate the nonlinear teleoperation system and therefore h i (η z ) = µ i (η z ), i = 1, 2. The approximation accuracy can be increased further by considering more fuzzy sets in the region of interest. The fuzzy sets in (118) now allow us to define the TS fuzzy model of teleoperation system through the following plant rules:
Model Rule 1: IF η z is µ 1 THEṄ
The master/slave system coefficients in (119)- (120) for the case of smaller master/bigger slave (Table 1) Assume that the slave is interacting with the soft environment for which the stiffness and viscous friction are given to be k e = 5Nm/rad and b e = 0.1Nmrad/s. Further, let the force feedback gain be 0.1, the force feedback matrix from the slave to master is then given as:
Now, let the desired poles of error and slave dynamics be placed at s 1,2 = −10. Also, assume that no time delay exists on the communication link between master and slave systems. To determine the control gains for teleoperation system (117) in such a case we will use the design conditions from Theorem 1 as the system under study has no zeros. Through the design equations (30), (31), (33)- (35) and system parameters (121)- (123), we obtain the control gains as: 
For the implementation of the fuzzy control laws on master and slave sides, the following gains are obtained using (19) , (23) , (121) The simulation results of applying the fuzzy laws (17) and (36) when the operator exerts a force of 0.5N are shown in Fig. 3 . It can be readily observed that the slave is following the master as the position and velocity signals for both the master and slave are the same. Further, it is also evident from this figure that the desired dynamic behavior of teleoperation is achieved. The control signals for master and slave systems are shown in Fig. 4 . The teleoperation system is also tested in a hard environment for which the stiffness and viscous friction are given to be k e = 50Nm/rad and b e = 5Nmrad/s. The force feedback gain is taken to be 10 in this case and thus the force feedback matrix from slave to master is given as:
For this case, the role of master and slaves are also reversed i.e., bigger master and smaller slave are considered with the system parameters in (121)- (122) Using (19), (23), (121), (122) and (127), the implemental fuzzy control gains for master and slave sides are found to be: Fig. 7 . It can be seen that the slave system is tracking the master system and master/slave states are hard to distinguish. The control inputs to teleoperation system in this case are also displayed in Fig. 8 .
We now consider the case of teleoperation system with time delay in the communication link. Assume that the slave is interacting with a soft environment which can be modeled by a stiffness, k e = 5Nm/rad. With a force feedback gain of 0.1, the force feedback matrix is obtained as: Considering a time delay of 0.1 sec in the communication link and the parameters of teleoperation system listed in Table 1 along with desired dynamic behavior of teleoperation system as reported in previous simulation results, the following control gains are obtained through the application of design equations (67) The simulation results when the operator is applying a constant force of 1N are displayed in Fig. 9 . It can be seen that slave states are following the master states with time delay and the desired dynamic behavior is also achieved. The control efforts by master and slave devices are shown in the accompanying Fig. 10 .
SC scheme is shown to be robust against parameter variations and time delay in the communication link [48] . To validate the proposition in the case of the teleoperation system represented by TS fuzzy models, we simulate the nonlinear teleoperation system with the fuzzy control gains in (131) while considering 50% uncertainty in the viscous friction coefficients of the teleoperation system (116) and 400% uncertainty in the time delay i.e., T = 0.5 sec. The results for this case are shown in Fig. 11 . It can be seen that despite the uncertainty, the slave is able to follow the master and deviates only slightly from the desired dynamic behavior. If the teleoperation system was designed by incorporating these uncertainties, a better response is exhibited by the master device but the slave response remains almost unaltered as shown in Fig. 12 . The variation in the response of the master device is due to the fact that no desired dynamic behavior has been assigned to it in the SC scheme while slave device offers the desired dynamic behavior in spite of the parametric uncertainties.
SC scheme for the delayed nonlinear teleoperation system represented by TS fuzzy models is also compared with its linear counterpart considering the large range operation of the teleoperation system. For this purpose, the system's gains of (130) are used for simulating the response of both fuzzy and linear bilateral controllers. Using these gains and the system's parameters, the implemental stabilizing fuzzy control gains are reported in (131) while the implemental stabilizing linear control gains are found from (37) , (121), (122) and (130) Please note that the system parameters of linear teleoperation system are the same as the parameters of the model rule 1 (119) of the TS fuzzy system. With the gains in (130), (131) and (132), the simulations are run considering the nonlinear model of the teleoperation system and the results are depicted in Fig. 13 . It can be observed that the slave is able to track the master in both cases as the error in states tends towards zero. However, a steady state position error is observed in the case of a teleoperation system employing linear controller (132) while a teleoperation system using TS fuzzy controller (131) has shown better tracking performance.
Based on the simulation results, it can be concluded that the presented fuzzy SC scheme can be used to control the nonlinear teleoperation system and it offers better performance as compared to linear SC scheme when large range operation is desired.
V. CONCLUSIONS
The control design of the nonlinear teleoperation system represented by TS fuzzy models is discussed in the framework offered by SC methodology. Through the introduction of a suitable fuzzy control law, design conditions to impose the desired dynamic behavior of teleoperation system are derived for different teleoperation models in the absence and presence of communication delay using the method of SC. Further, the existing linear bilateral controller based on SC is found to be the special case of the proposed SC based fuzzy bilateral controller. The effectiveness of the proposed scheme in controlling the nonlinear teleoperation system is proven through MATLAB simulations where it is also compared with the existing linear scheme. Contrary to other complex teleoperation control schemes based on TS fuzzy systems, the presented method is simple to apply with guaranteed dynamic behavior of teleoperation system and no Lyapunov function is required to prove the stability of the system. However, the proposed approach can only be applied to nonlinear teleoperation systems which can be approximated by a class of SISO TS fuzzy models with common input and output matrices. The extension to more general classes of SISO and MIMO TS fuzzy models will be the subject of future research.
